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Controlofresidualstressinthinfilmsbysubstratevibration
andtheirmechanicalproperty
AkihitoMatsumuro†,MakotoTakagi†
AbstractThepreventionofresidualstressofthinfilmsynthesesisveryimportantinprocessingengineering
surfaces.Inthispaper,detailsofresidualstresscontrolbythevibrationofthesubstrateusingPZTatvoltageof
O-100Varepresented.ThethinfilmsdepositedarecrystallineTiN,Ti,Cu,AlfilmsandamorphousC,Si
films.TheresidualstressesaremeasuredusingStoney'smethod.Theresultsofourexperimentshowthatfor
Ti,TiNandCuthinfilms,compressivestressesarechangedtotensilestresses.XRDandAugerspectroscopy
resultsverifythatthecompositionandcrystallinestructureofthetreatedanduntreatedcrystallinethinfilmsto
bethesame.Butitisshownthatthegrainsizeinthefilmtendtodecreasewithincreasingvibrationamplitude.
Fromthechangeofthemicrostructureofthefilm,amodelforthecontrolofresidualstressisproposed.The
changeofadhesionstrengthismeasuredbyapin-on-disktribo-testerwithvariationoftheresidualstress.The
adhesionstrengthshowsthemaximumvalueatnearzeroresidualstress.Therefore,controlofresidualstressby
substratevibrationisshowntobeaneffectivemethodforimprovingthewearlife.
1.Introduction
Thedevelopmentofsynthesistechniquesforthinfilm
depositionhasgainedconsiderableattentioninrecentyears.In
thefieldofsurfacemodificationtechniques,thinfilmsfor
mechanicalusessuchasDLC,TiNandCrNfilmshave
emergedassuccessfulhardcoatingfilms.However,duetothe
residualstress,thefilmsdelaminatefromthesubstrateand
remainstobeaproblem.Untilnow,inordertodecreasethe
residualstress,thechangeofthedepositionparameters[1]and
thesynthesisofbufferlayer[2]havebeencarriedout.Butthese
processeshavechangedthecrystallinestructure,composition
andtheirmechanicalpropertiesremarkably.Thesemethods
havenotonlyworsenedthepropertiesofthefilms,butalso
needmuchefforttofindsuitabledepositionparameter.
Therefore,thedevelopmentofanewcontrolmethodfor
decreasingtheresidualstressisvitalwithsignificantapplication
invarioushardcoatingmaterials.
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theresidualstressisproposed.Here,substratevibrationthatis
Fig.1Schematicofdepositionsystem
TablelThethicknessandcrystallineofthefilms
Film
Thickness
(nm)
曾 ・Deposition
rate(nm/min)Crystalline
TiN 100,200,400 60 Crystal
Ti 300 60 Crystal
Cu 1000 30 Crystal
Al 1000 100 Crystal
c 100 3 Amorphous
Si 100 40 Amorphous
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Fig.2Variationofresidualstress
frequencyforTiandTiNfilms.
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independentofthedepositionconditionisused.Inthisprocess,
onlysubstratesarevibratedbyPZTduringthedeposition.The
changesofresidualstressaretestedonTiN,Ti,Cu,Al,Siand
Cfilms.Furthermore,therelationshipbetweenresidualstress
andthemechanicalpropertiessuchaswearlifehardnessand
elasticcoefficientareclearlyshown.
2.Experimental
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Aschematicdiagramoftheexperimentalsetupisshownin
Fig.1.Thesampleholderhaspiezoelectric(PZT)vibratorthat
canvibrateverticallywithamplitudeofO-20nmandfrequency
ofO-1MHz.Abiasvoltagevariestheamplitudeattherateof
O.2nrn八7.Theheatgeneratedwasnegligiblewithatemperature
increaseoflessthan30°C.Theresidualstressthatoccurred
duringdepositionisnotrelatedtothethermalstressandis
attributedtotheintrinsicstressofthefilms.
Electronbeamevaporatorwasusedtodepositvariousfilms
ofTiN,Ti,Cu,Al,C,andSi.TiNfilmsweresynthesizedinNz
gasflowduringTideposition.Backgroundpresserislessthan
5.OX10.4Pa.ThefilmsweredepositedonSi(100)wafersthat
washedbyacetone.TableIshowseachfilm'sthicknessand
crystallization.Theeffectofthethicknessandcrystallization
wereresearched.
XRDandAugerelectronbeamspectroscopyresults
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Fig3Variation
voltageforTiandTiNfilms.
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ofresidualstresswithbias
verifythatthecompositionandcrystallinestructure.
TheresidualstressofthefilmswasmeasuredusingStoney's
method.Thehardnessandtheelasticconstantweremeasured
byanano-indentationtechniquewithatrigonaldiamond
indenter(Berkovich-typeindenter).Themaximum
indentationloadswerechosenintherangesofO.8-3.OmN.
Thefrictioncoefficientandfrictionalcharacteristicswere
investigatedbyaball-on-disktypetribo-testerwith550mN
againstasteelballwithadiameterofsmminanatmospheric
pressure.SEMandopticalmicroscopywereusedtoobservethe
weartracks.Thesectionalareasofweartracksweremeasured
bythestylusprofilesystem.
3.Resultsanddiscussion
3.1Controlofresidualstressbysubstratevibration
3.1.1Relationshipbetweenresidualstressandvibration
parameters
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Fig.4Variationofresidualstresswith
biasvoltageforAlandCufilms.
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Fig.6Variationofresidualstressandbias
voltagein100,200,400nmthicknessofTiN
films
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Fig.SVariationofresidualstresswithbias
voltageforCandSifilms.
Thevibrationparametersarefrequencyandbiasvoltage.
Theseparametersareconsideredtogiveeffectivechangesin
theresidualstress.WhenTiandTiNfilmsweredeposited
withoutsubstratevibration,thefilmsshowcompressivestress.
Onthecontrary,thecompressiveresidualstressdecreasedto
zerointernalstressat30Vandreachedtothehighesttensile
stressthroughthetransitionrangefromcompressivetotensile
stressirrespectiveoffilmmaterialwhenthebiasvoltage
changed.
Itisclearseenthatthedependenceofthebiasvoltageonthe
residualstressarelargerthanoffrequency.
TherelationshipbetweenfrequencyandresidualstressforTi
andTiNfilmsisshowninFig.2.Here,thebiasvoltageiskept
constantat10volts.Variationoffrequencywithresidualstress
inbothTiandTiNfilmswereconstant.InTiandTiNfilms
therelationshipbetweenbiasvoltageandresidualstresswere
showedFig.3.Thefrequencywasconstant(100Hz).When
thevoltagewasincreased(10and20V)theresidual
compressivestresswasdecrease.Butwhenthevoltagewas
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Fig.7Variationofresidualstresswithbiasvoltage
forSiandSiO2substrate.
increas d(30V)atransitionregionwasrevealedwherebythe
stressbecametensile.Andmoreover,whenthevoltagewas
increa ed(50-100V)theresidualtensilestresswasincreased.In
TiNfilmstheresidualstresschangedinasimilarwaytothatof
Tifilms.Sothebiasvoltagewasobservedtobetheeffective
vibrationparameterforcontrollingtheresidualstress.
3.1.2Effectofkindoffilm
Theabovedi cussionshow dthattheresidualstressesofTi
andTiNfilmswithcrystallinestructurecouldbecontrolledby
substratevibration.In dertoconfirmthevalidityofthesame
m thodtoAlandCufilmswi hcrystallinestructureandCand
Siwithamorphousstructure, xperimentswerecarriedout.Fig.
4andsshowvar at onoftheresidualstresswithbiasvoltage.It
iscl rlyseenthat h comp ssiveresidualstressesofAland
Cufilmsweredecreasedwiththebiasvoltage.However,the
residualstressesinCandSifilmswithamorphousstrictures
werealmostcons ntatanyrangeofthebiasvoltage.
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Fig.8XRDpatternsofTifilmsonSi(100)with
biasvoltage.
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Fig.9Schematicmodelforthefilmgrowthofcrystal.
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Therefore,substratevibrationscouldchangetheresidualstress
incrystalfilmsonly.
3.1.3Theeffectofthickness
Fig.6showsvariationofresidualstresswithvoltagein
differentTiNfilmthickness(100,200and400nm).The
residualstressofeachfilmthicknesschangedfromcompressive
totensilestressthroughzerostress.Therefore,substrate
vibrationcouldchangetheresidualstressofanyfilmthickness.
Fig.12SEMimageofweartrack
after100cycleinTiN200nm
3.1.4Changeofresidualstresscrystallinestructureofsubstrate
materials
Fig.7showsva iationofthe oltageandresidualstressofTi
filmsonSi(100)(cry alline)andSiO2(amorphous)substrate.
TheresidualstressofT film onSiO2substrate,changedfrom
compressivetotensilethroughOstresswhenthebiasvoltage
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wasincreased.Therefore,Thecrystallinestructureofsubstrate
materialwasindependentofthechangeoftheresidualstress.
3.1.5Considerationofmechanismforchangeoftheresidual
stressbysubstratevibration
Variationofresidualstressbysubstratevibrationis
independentofthecrystallizationofthesubstrateandfilm
thickness.Theresidualstresseswerechangedfrom
compressivetotensilestresswhenthebiasvoltageisincreased.
Variationofthecompositionandcrystalstructurewithbias
voltagewereconstantinallcrystalfilms.Fig.8showsthe
resultofXRDforTifilms.Thepeekdoesnotshift,but
broadenswhenthebiasvoltageisincreased.
Amodelforthecrosssectionofthefilmgrowthisshownin
Fig.9.Themodelforthecaseinwhichsubstratevibrationis
usedandthatofwithoutvibrationisshowninFig.9(a)and9
(b),respectively.Whenthesubstrateisnotvibratedduringthe
filmgrowth,thecrystalsizetendstobefairlylargeleadingto
compressivestressonthefilmlayer.Ontheotherhand,when
vibrationisusedduringthefilmgrowth,thecrystalsizeis
muchsmallerandthusleadstotheoccurrenceoftensilestress
onthefilmlayer.
3.2Relationshipbetweenmechanicalpropertiesandresidual
stressinTiandTiNfilms.
3.2.1Variationofhardnesswithresidualstress
inTiandTiNfilmswithvariousfilmsthickness.InbothTiand
TiNfilms,thehardnesswasdecreasedwhentheresidualstress
waschangedfromcompressandtensilestress.Thegradients
inTiandTiNfilmswereO.6GPa/GPaand1.OGPa/GPa,
respectively.
magnitudesofresidualstressesinbothcompressiveandtensile
stressdecrease,thewearlifeofthefilmsincreasedinbothTi
andTiNfilms.Fig.12showsSEMimageofthewe rtrackafter
100cycle,TiN200nmfilmswithresidualstressof(a)‐2.4GPa
and( )0.4GP .Highresidualstressfilms(a)havepeeling
areasbutlowresidualstress(b)filmshavenopeelingarea.This
clarifiesthatco trolofresidualofresidual
stressbysubstratevibra ionimprovethewearlifeofthefilms.
4.Conclusion
Inth presentstudy thinfilmsofvariousmaterialswere
preparedonsubstratethatwasvibratedduringthedeposition
process.Theeffectsofsubstratevibrationontheresidual
stre sesandthemechanicalpropertieswereinvestigated.The
followingconclusionsweredrawn:
??
??
??
??
Ther sidualstresseswerecha eduponthesubstrate
vibrationthatiscontrolledbythebiasvoltage
Changingr sidualstressisindependentonfilmthickness
andc ystalstrictureofthesub trate
Thehardnessvaluesdecreasedwhentheresidualstress
waschangedfromcompressivetotensileforbothTiand
T Nfilms.
Thewearlifewaslongwhentheresidualstresswas
d creasedforbothTiandTiNfilms.
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3.2.2Frictionalcoefficient
Thefrictionalcoefficientwasdeterminedbyball-on-disk
tribo-tester.Theaveragefrictionalcoefficientwascalculated
fromteststakenbetween50and100cycles.Thefrictional
coefficientsofbothTiandTiNfilmswerenotchangedwiththe
residualstresses.Thisdemonstratesthatthefrictional
coefficientsarenotaffectedbytheresidualstress.
3.2.3Wearlife
Theweartrackswereobserveduponincreasingthe
frictionalcoefficienttoO.6,whichcorrespondstofrictional
coefficientbetweenSi(100)andsteelball.Figllshows
variationofresidualstressandnumberofcycle.Whenthe
